Flashover discharges are one of main failure mechanisms in metallized polymer film capacitors. To study the basic characteristics of surface discharges and their dynamics, an equivalent electric circuit model is developed for metallized polymer film capacitors with the surface discharge modelled with a time-dependent resistor. The discharge resistance is related to the thermal dynamic equation, and as such the heat generated within the capacitor unit can be estimated and subsequently used to assess changes in material properties due to temperature rise. Also discussed are the conditions for propagation of surface discharges arc and its elongation. For different combination of key system parameters, surface discharges are stimulated and this provides insights into factom that influence the growth of surface flashover in m e t a l l i polymer film capacitors.
Introduction:
There has been significant progress in the technology of metallised polymeric film capacitors over the past 20 years, fuelled by their widespread applications in power systems [1] [2]. One of the main drivers in the field is higher energy density with increasingly compact designs. This highlights the need to gain a thorough understanding of breakdown discharges developed withiin a film capacitors under higher and higher electric stress.
In this paper, we study the evolution of surface flashover discharges with an equivalent circuit model. Temperature gradient between surface plasma and its surrounding space is taken into account by means of heat conduction equations. Numerical examples are then used to provide insights into the fundamental surface flashover processes in film capacitors.
Basic model of surface discharge:
Appreciable electric field can build up on the surface of capacitor electrodes when the capacitor is switched onto a power system, subjected to an intemal breakdown, or simply operated in AC. Such surface electric field can be enhanced at localized surface defects and so may lead to single or multiple surface discharges at the defect area. To ensure the reliability and lifetime of capacitors, it is very important that these surface discharges do not elongate and develop into catastrophic flashover arcs to fail the capacitor.
After a surface discharge is initiated from the surface defect site, it may propagate on the electrode surfice. As electric energy required for plasma propagation is likely to be fed via the original defect site, we assume that the surfice discharge has a stationary root at the defect site and its other root moves on the electrode surface. Under the influence of the surface electric field, the current leaving the moving root of the plasma may flow along two possible routes on the segmented electrode surface. As illustrated in figure 1 , the first route is through successive electrode segments and unbroken fuses linking them whereas the second is through unconnected electrode segments due to either separation gaps or broken hses between them. If we model electrode segments with surface resistors and separation gaps (or broken fuses) with surface capacitors, the discharge current may be considered to flow through a series of re:sistors and capacitors along the current path unoccupied by the plasma. As a one-dimensional approximation, the surface discharge is assumed to be of the form of a uniform cylindrical column having a length of L, and a cross sectional area of A,. We further assume that it can be modelled approximately by a resistor with resistivity p, and so gives a discharge resistance of where r,, is the plasma resistance per unit length. The presence of the surface plasma alters the equivalent impedance of the electrode surface along the current path by effectively adding a parallel resistor Rp to the surface impedance, z&, of the electrode area of length L,, underneath the surface plasma. The current path is then described approximately by the circuit in figure lb, where L is the overall length of the current path and z ,~ is the per unit length impedance of electrode surface not covered by the surface plasma. 1zsl1, a small fraction of the total surface current, io, will flow through the surface plasma. Hence little power will be supplied to the plasma for its subsequent propagation on the electrode surface, and the plasma is less likely to develop into elongated flashover arcs. If rp < Iz,ll on the other hand, the plasma will draw sizeable current and can gain sufficient amount of power for its subsequent propagation away from its stationary root. This is the condition under which a surface discharge may elongate and our analysis will be developed.
A circuit model of discharge evolution:
To bring out the underlying physics of plasma propagation without unnecessary complexity in mathematical formulation, we further assume rp <<(zsll and so ignore zslLp in figure Ib. The plasma resistance is therefore connected in series directly to zh2(L-LP), the surface impedance along the current path not covered by the plasma as shown in figure 2. There are two components to the surface impedance, namely a lumped surface resistor, &, representing the total resistance of electrode segments, and a lumped surface capacitor, C,, representing the total capacitance of separation gaps, both over the length of (L-L,,). The circuit in figure 1 reduces to that in figure 2. This is similar to that used for outdoor insulators [3] , albeit of the difference in the physical meaning of Rs and Cs. Let ps be the resistivity of electrode material, c; the relative permittivity of gap material, and A, the cross sectional area of the gap, we have
The total impedance of the circuit is therefore with its square modulus as a function of Ll, given by 
Here a = 1 + w 2 . s~&~p~.
If rp > 1~~~1 , the electric field along the surface plasma is greater than that along the current path not covered by the plasma. As the plasma always moves into area of higher electric field [4] , the original surface discharge may not propagate when rp > 1 z 3 q 1 and so the condition for plasma propagation is rp < IZ,,~~. Specifically for the above circuit equations, it is From eq.(4), the derivative of IZA' with respect to L,, is (6) dlZ, JldL, < O so the plasma propagation condition of eq. (6) (9) suggests that and so the right hand side of eq. (8) is always positive.
The maximum plasma length is L when the surface discharge develops into a flashover arc across the entire current route. So 01 
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Lp will always be less than L. This suggests that the discharge may elongate to a point within the electrode boundary at which it will extinguish. With the aid of (9), condition (1 3) leads to r , / a < r p < r , / & .
(14)
Inequality (14) specifies the condition under which the surface plasma may propagate but extinguish before it reaches the electrode boundary.
Heat dissipation of the surface plasma:
Inequalities (1 2) and (1 4) express conditions for plasma elongation and its development into flashover arc in terms of surface impedance and plasma resistance. As the plasma propagates on the electrode surface, its temperature changes and so (12) and (14) need to be assessed at each possible temperature. More importantly the above analysis does not take into account the temperature gradient between the plasma column and its surrounding space, which may lead to plasma propagation due to heat conduction.
The surface plasma is sustained by the surface current, which is in turn supplied by either capacitor energy or external power supply. Without heat exchange with its surrounding area, the plasma will be heated up through its own ohmic losses, ii:Ri,, and as such its temperature will rise. However as it interacts thermally with the surrounding area, its temperature reduces in the form of heat dissipation and radiation into the surrounding capacitor space. Therefore there are two competing events for plasma temperature change. If its net temperature change is positive, the plasma becomes less resistive and according to conditions in (12) and (14) its development into an elongated flashover will become more probable. If the net temperature change is negative, the plasma will become increasingly resistive and less likely to elongate. Thus when there is no net temperature change, the plasma resistance remains unchanged and this represent the critical condition under which plasma elongation is not encouraged thermally.
In general heat conduction is governed by [5] aT a2T t p c -= k -+ q at ax2 in the one-dimensional limit. Here pm is the density, ci, the specific heat, k thermal conductivity, x the distance along the current route from a predefmed origin point, and q* the internally generated heat per unit volume. As an approximation, ladiation loss of the plasma is assumed to be negligible and so q* = i;RJA,L, is the internal heat source for the plasma column. Furthermore we assume that the aT/& term on the left hand side of the equation is predominately controlled by q* and so the spatial variation of temperature along the plasma is neglected. Because surface plasmas are often sparks of short length, this is a reasonable approximation. Thus for the plasma column
The current following through the plasma is related to the external voltage Vo via the circuit impedance of eq.(3). Note that r, is usually between 50-1 000Wcm
and Cy = 1-5 x lo-'' F[6]. Therefore for WR,~C, to be comparable to unity, the frequency needs to be well above ITHz. In other words, a = 1 for frequencies well below lTHz and so Z, = Rp+R,. Consequently where Eo = VdL is the average surface electric field. For the current path on the non-plasma electrode surface, its temperature rise is largely induced by heat conduction from the plasma column and the ohmic heating should be negligible. In other words, the nonplasma section of the current path acts as a heat sink for the plasma column. Thus eq. ( 15) 
T, = T + ( T -T
where a, = kJpm,c,,, is the thermal diffusivity of the electrode material. At the plasma interface with nonplasma section, the temperature is reduced according to
where q,,, is the plasma temperaiure t = 0.
At room temperature, a, = 0.06 -0.08 m2/s for pure aluminium and some of its alloy forms [5] . If we use the half width of the capacitor electrode for xo at, say, 8cm (implying an elongated plasma of 8cm long), then (~/ 2 x , )~a , t = 30t. As a typical discharge event lasts well within the milli-second range, the above term very small and so
T, -T p o --(T,0-Ibmh)(II./2Xo)2a,t. (21)
If the temperature reduction of eq.(21) due to heat conduction at the moving root of the plasma is the same as its temperature rise of eq.(l6) due to ohmic heating, the plasma will be in thermal equilibrium and its temperature remain unchanged. Otherwise there is a net temperature change along the plasma column. To this end, we introduce the ratio of temperature change
Note that xo = L -L,, and so eq.1:22) reduces to where
The above equation is a measure of the relative temperature increase of the plasma column in the onedimensional limit, in which the plasma column is assumed to have the same cross sectional area as the film capacitor. As the initial surface spark discharge is usually short and filamentary, this is an overestimate of the thermal impact of the plasma. To account for this, the plasma temperature rise of eq. ( 16) is reduced by the ratio of the cross sectional area of the plasma column, Ap, and that of a film capacitor, d s , , with d, being the thickness of the capacitor and L, the width of the film. Furthermore as heat conduction of the plasma is also possible along its length, an additional coefficient of d&JdJ should be introduced with dp being the plasma diameter. If we assume L,=L for a square film, eq. (24) becomes If O(T) > 1, the temperature rise of the plasma column cannot be compensated by the temperature reduction due to its heat conduction to the non-plasma area. Hence the plasma becomes hotter and it becomes less resistive leading to its elongation into its surrounding space. If O(T) < 1, the temperature rise of the plasma column is well offset by the temperature reduction of the nonplasma area and as such the plasma becomes progressively cooler eventually extinguished. and diffusivity of aluminium is obtained from [IO] . In figure 3 , the normalised temperature rise of the plasma column is plotted as a function of its initial temperature. If the plasma length is initially less than 32.5% of the capacitor length, its temperature rise is always greater than the temperature reduction due to heat conduction. As a result, it becomes hotter and less resistive. This leads to the plasma column drawing greater current from the surface electric field and it will grow in length and elongate. As the plasma column elongates, its temperature rise becomes smaller and eventually less than the conduction induced temperature reduction. At this point, a thermal equilibrium is reached and the plasma will maintain its length. However in the event of a reduction in surface electric field, the plasma will subsequently undergo extinction. In the case of figure   3 , the initial plasma will elongate but extinguish at a length just over 35% of the capacitor length. This is of course a significant surface flashover. In practice, surface electric field is often time-dependent either especially when induced by an internal breakdown or a time-dependent extemal source. Plasma elongation should complete much earlier, and figure 3 represents the worse scenario.
Also of interest is that the plasma resistance used in figure 3 is much higher than surface resistance. Therefore the significant temperature gradient between the plasma column and its surrounding space results in an overwhelming heat conduction effect on plasma propagation and the electric field based argument of (6) becomes irrelevant. In other words, condition (12) and (14) are valid only when the temperature gradient is negligibly small.
Conclusion:
We have developed an equivalent circuit model to study the propagation and elongation of surface discharges in polymeric film capacitors. Thermal effects are also included in a one-dimensional heat transfer model. It has been shown that if the temperature of the initial surface plasma is sufficiently close to the ambient temperature a simple plasma elongation criterion can be established based on plasma resistance and surface resistance. However when there is considerable temperature gradient between the plasma and its surrounding space, the simple resistance based criterion becomes invalid as the problem becomes dominated be thermal events.
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